Identification of proteins from proteolytic peptides or intact proteins plays an essential role in proteomics. Researchers use search engines to match the acquired peptide sequences to the target proteins. However, search engines depend on protein databases to provide candidates for consideration. Alternative splicing (AS), the mechanism where the exon of pre-mRNAs can be spliced and rearranged to generate distinct mRNA and therefore protein variants, enable higher eukaryotic organisms, with only a limited number of genes, to have the requisite complexity and diversity at the proteome level. Multiple alternative isoforms from one gene often share common segments of sequences. However, many protein databases only include a limited number of isoforms to keep minimal redundancy. As a result, the database search might not identify a target protein even with high quality tandem MS data and accurate intact precursor ion mass. We computationally predicted an exhaustive list of putative isoforms of Aspergillus flavus proteins from 20 371 expressed sequence tags to investigate whether an alternative splicing protein database can assign a greater proportion of mass spectrometry data. The newly constructed AS database provided 9807 new alternatively spliced variants in addition to 12 832 previously annotated proteins. The searches of the existing tandem MS spectra data set using the AS database identified 29 new proteins encoded by 26 genes. Nine fungal genes appeared to have multiple protein isoforms. In addition to the discovery of splice variants, AS database also showed potential to improve genome annotation. In summary, the introduction of an alternative splicing database helps identify more proteins and unveils more information about a proteome.
Introduction
Protein identification is the key part of mass spectrometrybased proteomic analysis. In a typical "Bottom-Up" approach, proteins of interest are separated by gel electrophoresis, digested by a specific enzyme, and followed by analysis of single-or multidimensional chromatography coupled with tandem mass spectrometry. The acquired mass spectral data are then used to search against databases to find matched proteins. In practice, a major portion of acquired spectra find no matched sequence entry in protein databases. 1 Probable explanations include quality of spectrum, search engine algorithm, sequence polymorphism, post-translational modification, and transcriptional variation by RNA splicing and editing. 1, 2 Alternative pre-mRNA splicing is a mechanism that removes the intervening introns (noncoding sequences) and joins the flanking exons (coding regions) in different arrangements. This process allows a single gene to generate various mRNAs, then multiple protein variants, which might have diverse and even antagonistic functions. Alternative splicing has been found to play important roles in many cellular and developmental processes in metazoans. [3] [4] [5] Aberrant splicing has been implicated in various diseases including cancer. 6 Analyses of expressed sequence tags (ESTs) and alternative splicing microarray data estimated that more than two-thirds of human genes are alternatively spliced. 7 As a demonstration of diversity achieved by alternative splicing, the Drosophila Dscam gene has the potential to encode 38 016 distinct spliced variants, nearly 3 times the total number of genes in Drosophila. 8 Although fungi appear to use alternative splicing less frequently than metazoans, a genome-wide survey in Cryptococcus neoformans Serotype D, a basidiomycete yeast found ubiquitously in the environment, revealed evidence of alternative splicing for 277 genes or 4.2% of the total. 9 These data suggest that alternative splicing in fungi is more prevalent than previously thought.
One of the challenges in mass spectrometry-based proteomics is that tandem MS peptides can only identify the proteins if the target database contains the correct sequences for peptide mapping. Today's protein databases vary in many aspects such as level of curated annotation, size of records and species, and degree of sequence redundancy. Currently, only a small percentage of estimated alternative splicing variants are deposited in the major protein databases. Databases like SwissProt 10 and RefSeq 11 were originally designed to keep a minimum level of redundancy. Among 408 099 sequence entries in Swiss-Prot (release 14.7, Jan 20, 2009), only 27 169 additional sequences (6.6%) are produced by alternative splicing, initiation or promoter usage, or ribosomal frameshifting. Considering the possibility that true protein isoforms are actually absent from the target database, the search will not be able to identify the correct protein even with high quality tandem mass data and accurate intact precursor ion mass.
Alternatively spliced variants can be detected by alignment comparison of transcripts and genomic sequences and data mining of the scientific literature. Recently, high-throughput tandem mass spectra were utilized to find novel splice variants of previously annotated genes. 12 The peptide sequences derived from tandem mass spectra provide evidence of translation products. All popular search algorithms employed in protein identification pipelines rely on a protein database to infer peptide sequences from MS/MS spectra. An alternative to the database search is de novo sequencing, which extracts the peptide sequence directly from the spectrum without the help of any sequence database. The hybrid approaches [13] [14] [15] which infer short sequence tags (partial sequences) by de novo sequencing, followed by a database search using these tags to find the peptides in the sequence database, may be helpful for the analysis of post-translationally modified peptides and splice variants.
Many groups independently developed alternative splicing databases which focus on detection and storage of AS sequences, such as ASG, 16 HOLLYWOOD, 17 ECGene, 18 ASAP II, 19 ASTD, 20 and LSAT. 21 The detected or generated alternatively spliced isoforms may vary between different databases due to different input data, genome assembly, method for alignment and level of stringency. 19 Most AS databases above are not actively updated on a regular schedule. In addition, many AS databases only provide limited query and download functions and focus on selected species. These limitations hinder the utilization of existing AS databases in proteomic studies.
Aspergillus flavus is a filamentous ascomycete fungus that is able to infect economically important crops, such as maize, cotton, tree nuts, and peanuts, while contaminating them with potent mycotoxins. 22 Among the many secondary metabolites produced by A. flavus, aflatoxin B1 is the most toxic and potent hepatocarcinogenic natural compound ever characterized. 23 Consumption of aflatoxins can cause liver damage including acute hepatitis, immunosuppression, and hepatocellular carcinoma. 24 The primary assembly of the A. flavus genome indicates that it consists of eight chromosomes and is 36.3 Mb in size. The genome contains 13 071 predicted genes and the mean gene length is 1384 bp. 25 The bottom-up and top-down proteomic profiles of A. flavus under different temperatures have already been surveyed through a SILAC approach. 26, 27 It has been reported that intron splicing is essential for amineregulated gene expression in Aspergillus oryzae, 28 a widely used industrial and food fungus which is almost genetically identical to A. flavus. Combined with the biological and economic importance, established knowledge of its genome and proteome, and existence of splicing events in filamentous fungi, A. flavus proves to be an effective model organism.
Without an AS database of A. flavus available, we built our own AS database to test two hypotheses: (1) that we can confidently identify more proteins using an AS database combined with accurate mass precursor and tandem-MS data; and (2) that fungus undergoes sufficient alternative splicing that it can be detected at the proteome level. The overview of our study is illustrated in Figure 1 .
Experimental Procedures
Original Protein Database of A. flavus. The whole genome sequencing of A. flavus strain NRRL 3357, which provided 5-fold sequence coverage, was carried out at The J. Craig Venter Institute (JCVI, formerly TIGR). Automated annotation was also conducted at JCVI and additional manual annotation was coordinated through North Carolina State University (NCSU). 29 A collection of 12 832 annotated protein sequences acquired from The Center for Integrated Fungal Research at NCSU is referred as the 'original database' in the remainder of the article.
Construction of Alternative Splicing Database. Since the original database did not include any prediction of potential alternative isoforms, we applied the approach of aligning cDNAs with genomic sequences to construct an alternative splicing database of A. flavus. A total of 20 371 ESTs were downloaded from the EST database of NCBI with a species filter specifying 'Aspergillus flavus'. The sequences of 12 832 predicted genes were acquired from The Center for Integrated Fungal Research at NCSU. Instead of directly aligning all ESTs to genomic sequences, we first used BLAST 30 to select those having similar sequences with the previously annotated A. flavus genes. Each EST was only allowed to be assigned to one gene. If an EST was similar to several different genes, it was assigned to the top ranked hit. The cutoff expect value in BLAST mapping was 0.001. The screening mapped 16 121 ESTs to 4497 genes.
To consider possible exons located in upstream and downstream regions of originally annotated genes, we extended both 5′ and 3′ ends of genes by 3 kb which equaled to twice the length of the longest intron found in the original database. The gene transcript derived from the previous annotation was considered as another EST to the gene. The alignments of transcript and ESTs to genomic sequences were performed using the sim4 program, 31 which unveiled the boundaries of exons and introns. The large amount of information carried in ESTs was merged and integrated into a single splicing graph. 32 In the splicing graph, paths represented transcripts and vertex with multiple incoming or outgoing edges corresponded to alternative splice sites. Alternative splicing events were detected as bifurcations in the graph (Figure 2A ). This procedure might not identify truncated transcripts. 16 While comparing genomic positions of boundaries belonging to the same exon, a 10 bp allowance was made. If two or more 5′ or 3′ splice sites of the same exon were located within 10 bp, the predominant one was kept. Otherwise, they were considered alternative splice sites. It should be noted that this procedure might result in losing potential variants. The updated information and detected alternative splicing events reconstructed the gene model. In our graphic representation of gene structure, nodes and edges represented exons and introns, respectively ( Figure 2C ). All putative protein isoforms of a gene were predicted by visiting research articles
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all paths in the graph, and followed by generating the corresponding sequences ( Figure 2D ).
Since the exact translation initiation site of a gene was often unclear, 3-frame translations (forward) were also considered in our prediction. The protein products of genes were translated according to the standard code. The database only kept protein sequences which initiated with a start codon, ended with a stop codon, and had at least 18 amino acids (the shortest sequence found in the original protein database). The final step of construction was the elimination of redundancy. We removed any newly predicted sequence which was either subsequence or fully identical with one in the original database.
SILAC Experiment. We used the existing mass spectra to test the newly constructed alternative splicing database. The original purpose of the experiments was to study the relative change of protein levels between conducive (28°C) and nonconducive (37°C) temperatures for aflatoxin biosynthesis. The experiment was previously described in full detail. 26 In short, different labeled cultures of A. flavus were grown for 24 h at 28 or 37°C
. Extracted protein samples were separated on 12.5% SDS-PAGE gel. Forty bands were sliced from each lane. Samples were reduced, alkylated, and followed by trypsin digestion for 18 h at 37°C. Then each in-gel digested samples was analyzed by nanoflow LC-MS/MS on a LTQ-FT (ThermoFisher Scientific).
Database Search. To study the effects of the new AS database on protein identification, the newly predicted alternatively spliced variants were combined with the originally annotated proteins. The existing set of experimental spectra as described previously 26 was searched against the combined database. The protein search algorithm used in the analysis was Mascot Server version 2.2.04 (Matrix Science Ltd.). The search allowed two missed cleavage sites, 5 ppm peptide tolerance, 1 Da MS/MS fragment ion tolerance, two variable modifications, Deamidated (NQ) and Oxidation (M), and one fixed Cys modification, Carbamidomethyl (C).
Mascot incorporates a probability based implementation of the Mowse scoring algorithm. 33 The Mascot score is reported as -10 Log 10 (P), where P is the absolute probability that the Figure 1 . Integration of alternative splicing database in bottom-up proteomic analysis. Tandem mass spectra with high mass accuracy were generated from SILAC experiment followed by nano LC-MS/MS analysis. By including predictions of alternative splicing variants in database search, new protein isoforms were detected. Endogenous peptide identifications were validated by synthetic peptides. observed match is a random event. The absolute probability P is equal to E × N -1 , where E is the expect value and N is the number of proteins in the database. The significance threshold for the search was 0.05 (p < 0.05). An event is significant if it would be expected to occur at random with a frequency of less than 5%. Knowing the size of the combined database, the corresponding cutoff Mascot score would be (-10) log[(1/ (12832 + 9807)) × 0.05] ) 56.56.
Decoy Database Search Strategy. Controlling the false discovery rate (FDR) is a commonly accepted approach to multiple testing correction in large-scale mass spectrometrybased proteomic studies. FDR represents the percentage of significant peptide-spectrum matches (PSMs) and can be estimated using the target-decoy strategy. The 'target' database was the expanded A. flavus protein database. A corresponding 'decoy' database was created by reversing the sequences in the target database. Two separate searches were performed against the target and decoy databases individually using identical search parameters. At the significance threshold of 0.05 (p < 0.05) in Mascot searches, 14 615 target PSMs and 407 decoy PSMs above the threshold were counted. A FDR of 2.78% was estimated by computing the ratio of decoys and targets. 34 It means that if we accept 100 tandem mass spectrum assignments, then we expect less than three of those identifications to be incorrect.
Validation of AS Peptides. Previous work from our laboratories already showed that synthesized peptides can be used to validate the identification of naturally processed HLA class II peptides. 35 Because alternative isoforms from the same gene usually share a partial sequence, the peptides which were specific to the AS protein and not found in the original database became vital to the identification of isoforms. We ordered the synthetic peptides of the detected endogenous peptide sequences. The synthetic peptides were analyzed by nLC-MS/ MS. The tandem mass spectra from the synthetic peptides were compared to those from the corresponding endogenous peptides.
Data Availability. The Bottom-Up SILAC A. flavus .RAW data files can be downloaded from Tranche distributed file system (tranche.proteomecommons.org) by providing the following hash, O9h2YUGGpAOG+ex5+rYTySoRxqvyPayGlWPspibKkA13-BXCVcpVMp3oCmH4HwZOofp5azAQcx4coCH6I82DCx5vQj-wwAAAAAAAAn5g)).
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Results
To study the importance of alternative splicing in proteomic analysis, a customized AS database of A. flavus was built based on ESTs. The original database consisted of 12 832 previously annotated proteins but no splice isoforms. The newly constructed AS database provided additional 9807 eligible alternatively spliced variants and expanded the size of the original database by 76%. According to our predictions, 1292 A. flavus genes had multiple protein isoforms, 8 .59 putative isoforms per gene on average.
To evaluate the newly predicted variants, we combined the AS database with the original database. A set of bottom-up mass spectrometry data generated from the previous analysis 26 which studied protein profiles at two growing temperatures of A. flavus was used to search against the combined database by Mascot. The primary goal of this study is to investigate whether total protein identifications would increase after introducing the AS database. Although the data set was originally derived from a SILAC experiment, it is beyond the scope of this paper to indentify the splicing variants responding to different environment stimuli. A total of 556 proteins were identified from the original database in the nonconductive and conductive conditions combined. The identifications detected from the AS database were carefully examined by extensive manual curation. Five chosen peptides were subsequently synthesized and analyzed by nLC-MS/MS to validate the identifications. 35 At the end, the Mascot search identified 29 new proteins encoded by 26 A. flavus genes from the existing tandem mass spectra (Table 1) . Only one new protein was identified by a single peptide. Up to 41 previously unseen MS/ MS peptides were included in the matches, 34 of them had EST evidence. For those identified peptides which had no overlapped ESTs, they were mapped to genome sequences considered as transcription regions in previous annotation. All 41 peptide sequences were absent in the original protein database, indicating they were derived from different gene models. The alignments of tandem MS peptides to genomic sequences suggested that the variants were generated by several patterns of alternative splicing, including cassette alternative exons, alternative 5′ splice site, alternative 3′ splice site and intron retention.
Peptide sequences resulting from proteolytic digestion of the sample proteins expressed in higher eukaryotes can be present in multiple protein isoforms. These shared peptides cannot be used to discriminate between different alternative splice variants. A solid conclusion of the detection of alternative isoforms would be possible if different protein products from one gene were identified by individually unique peptides. Nine genes from our results had at least two protein variants supported by different sets of tandem MS peptides. Four patterns of alternative splicing are presented in the following examples.
Cytochromes b5 are ubiquitous electron-transport proteins involved in a variety of biochemical processes and metabolic pathways. NADH-cytochrome b5 reductase (EC 1.6.2.2) serves as electron donor for cytochrome b5. 36 In rat, the NADHcytochrome b5 reductase gene generates two transcripts by a combination of alternative promoters and alternative initiation of translation: a ubiquitous mRNA coding for the myristylated membrane-bound form, and an erythroid mRNA which generates both the soluble form and a nonmyristylated membranebinding form. 37 In comparison with the original protein of A. flavus NADH-cytochrome b5 reductase, the AS protein contained two additional exons in the middle and ended with a shorter exon (Figure 3) . Two unique peptides EAVSGVTIA-SALLTK (spectrum see Figure 3 ) and AVLRPYTPTTMK were specific to the AS protein. Not only were both peptides aligned in the intron region of the original protein, but they specified the splice sites of the two alternative exons and proved the translation across the constitutive and alternative exons in the AS protein. The additional exons also caused a frame shift of protein translation and resulted in an early stop site for the AS protein. Four peptides which were aligned to the last exon of the original protein, beyond the stop site of the AS variant, allowed the identification of the original protein. The peptide of the sequence EAVSGVTIASALLTK was synthesized and analyzed by the same LTQ-FT to validate the identification (Figure 3) . Because of the higher abundance of synthetic peptide, a stronger signal was observed in the tandem mass spectrometry measurements but the sequence ions of the endogenous and synthetic peptides were consistent.
Homocysteine is an intermediate metabolite of the essential methionine. Cystathionine beta-synthase (EC 4.2.1.22) catalyzes Genes which had the identifications of multiple different isoforms.
the conversion of homocysteine to cystathionine, the first step in the transsulfuration pathway that leads to the formation of cysteine, glutathione, and other metabolically important metabolites. 38 The rat cystathionine beta-synthase gene uses alternative exons to form four distinct mRNA isoforms, all sharing the middle portion but differ in the amino-and carboxyl-terminal sequences. 39 The human cystathionine betasynthase gene uses multiple transcription initiation sites to yield at least five mRNA isoforms differing at their 5′ ends. 40 The original protein of A. flavus cystathionine beta-synthase was composed of four exons but the AS protein had only two exons with alternative 5′ sites (Supplementary Figure 1) . Peptide TRTSDLPSTLQPHEQK (spectrum see Supplementary Figure 1) confirmed the boundaries and linkup of the two exons for the AS protein, where peptides AIVAGAGTGGTITGLSR and DYN-FGKDDVVVVILPDSIR showed the original protein used different splice sites and translation activity occurred in the intron of the AS protein. The transcription start sites used by the two proteins were different and not in-frame. The different reading frame explained that peptide MQLSSALLMK was only found in the AS protein. The two reading frames became in-frame later in the translation, as evidenced by the shared peptide ISEVVTDPR.
Pyruvate decarboxylase (EC 4.1.1.1) catalyzes the decarboxylation of pyruvic acid to acetaldehyde and carbon dioxide. Pyruvate decarboxylase has been reported in obligate aerobic filamentous fungi like Aspergillus nidulans. 41 Three pyruvate decarboxylase isozymes, encoded by three structural genes PDC1, PDC5 and PDC6, have been found in yeast. 42 The first three exons were constitutive exons in the original and AS proteins of A. flavus pyruvate decarboxylase PdcA, and the 3′ splice sites of the fourth exon were alternative (Figure 4 ). For the original protein, peptide DELRELFANEEFASAPCLQLVEL-HMPRDDCPASLK was derived from the splicing and joining of the fourth and fifth exons, indicating one alternative 3′ splice sites of exon four. For the AS protein, the coding region for the peptide VSVVLTK (spectrum see Figure 4 ) appeared to be inside the intron of the original protein, indicating an elongated exon four with another alternative 3′ site as well as an alternative stop site.
ATP synthase/ATPase (EC 3.6.3.14) is a ubiquitous enzyme consisting of two components, an extrinsic globular domain called F1 and a membrane intrinsic domain known as F0, linked together by a central and a peripheral stalk. 43 F1 is the catalytic domain made of subunits. The mitochondrial F1 ATPase subunit alpha gene is conserved in Eukaryota including human, mouse, rat, chicken, fruit fly, worm, yeast, and plant. Alternatively spliced transcript variants of human ATP5A1 gene encoding the same protein have been identified. Besides the four constitutive exons, the last exon was intact in the original protein of A. flavus mitochondrial F1 ATPase subunit alpha but broken into two smaller exons in the corresponding AS protein (Supplementary Figure 2) . The detection of the peptide EVAAFAQFGSDLDAATK suggested the intron in the AS protein was kept in the original protein. In addition, peptide RPRLPSR (spectrum see Supplementary Figure 2 ) specific to the AS protein and peptides EGQVSKETEASLKEIIQSFNK/EIIQSFNK specific to the original protein were mapped back to the same coding region. These unique peptides resulted from the change of reading frames which was caused by the intron retention in the original protein.
For 17 new proteins identified from the AS database, there was no detection of the corresponding protein from the original database. In that case, MS/MS peptides alone might not be sufficient to tell the finding was the product of alternative splicing or the revision of gene annotation.
Discussion
The goal of this study was to test the following hypotheses: (i) whether tandem-MS spectra with high precursor ion mass accuracy is able to detect the existence of alternative variants Figure 4 . Pyruvate decarboxylase PdcA. The alternative 3′ splice site of the last exon in the AS protein also served as an alternative stop site (lower trace). The MS/MS spectrum of the AS protein-specific peptide VSVVLTK (upper trace) was resulted from a precursor ion scan at m/z 373.24 with a measured mass accuracy of 0.94 ppm. The AS protein-specific peptide located in the intron of the original protein suggested the alternative 3′ splice site. Original protein-specific, AS protein-specific, and indistinguishable shared peptide were labeled in yellow, blue and green, respectively. in A. flavus; and (ii) whether a computationally constructed AS database can explain more proteomic data by providing novel and putative protein isoforms for database searches. Although Mascot supports the use of nucleotide databases besides protein databases, the searching of the EST database has longer search time and higher false positive rate. 1 We constructed a tailor-made AS database of the filamentous fungus A. flavus based on public EST sequences. These computationally predicted sequences legitimately increased the target space of MS/MS peptide search by 76%. Besides 556 proteins identified from the original database, searching the expanded protein database was able to identify 29 new proteins encoded by 26 genes from the same data. The increase in the number of proteins identified from original to that of the AS database supported the hypothesis regarding to practical value of the AS database. Traditionally, the confirmation of alternatively spliced isoforms relies on the detection of different mRNA transcripts. By taking advantage of existing tandem MS data and an appropriate AS database, alternatively spliced variants can be detected more efficiently at the translation level in a large scale.
Considering a sample size of 556 original proteins identified by tandem MS analysis instead of the total 12 832 annotated genes of A. flavus, identifications of multiple protein variants of nine genes suggested that 1.6% of fungal genes were estimated to be alternatively spliced. The number is far less than the estimates in mammals like 40-60% for human genome but close to the scale of the estimated 4.2% in the basidiomycetous yeast. 9 The observation supported the hypothesis regarding the choice of the fungus model and the sufficient sensibility of the tandem MS experiment.
For 65% (17 out of 26) of the A. flavus genes having new proteins identified from the AS database, the corresponding original proteins were not found in the search results. Without a comparison basis to ascertain whether alternative splicing occurred or not, multiple plausible theories may explain the results equally well. One possibility is the original and AS proteins are both expressed in A. flavus. In the first plausible scenario, the protein identified from the AS database is genuinely a different isoform. No MS/MS spectrum is recorded to infer the existence of the corresponding original protein.
Another plausible explanation is the previously predicted gene model is flawed or incomplete. The identification of the AS protein turns out to be the revision of previous annotation errors.
Current genome annotations are commonly generated by a computational pipeline and could contain errors. Recently, several research groups have already taken advantage of shotgun proteomic data to improve annotated genomes, including Homo sapiens, 44 Arabidopsis thaliana, 45 Drosophila melanogaster, 46 and Caenorhabditis elegans. 47 It is consistently reported that many peptides were mapped to genome sequences not considered as transcription regions previously. In fact, the most recent annotation of A. flavus genome (May 27, 2009) showed that three gene models in Table 1 had been updated and four peptides discovered in this study can be found in the latest gene models. This suggested that the peptides identified from the AS database are correct and significant. Although we cannot definitively rule out the possibility that some identifications as splice variants might be annotation errors, even with all the efforts of validation, alternative splicing is the most plausible explanation for those genes which have two different proteins identified.
Without including putative protein isoforms, the conclusions from proteomic studies in higher eukaryotic organisms might be providing only part of the biological picture. An AS database which can be easily integrated into MS-based analysis pipelines will fill this void and provide new biological insights. Although the gene models of some identified proteins remain to be clarified, our bioinformatic efforts help lift the value of existing experimental spectra and attain a better understanding of the protein profile in the organism of interest. This study demonstrates that alternative splicing should be taken into consideration for the analysis and interpretation of proteomic data.
